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Available online 23 April 2016For the successful reclamation of disturbed land, the reduction of initial erosion risk must be balanced with later
vegetation establishment. A combination of erosion control and revegetation practices was researched using
commercial (full-sized) equipment on a semi-desert grassland site in southern Arizona, USA. Two soils with dif-
ferent parentmaterialswere used to add a 30 cm cap on sites at two elevations: 1646 and 1403m asl. Therewere
two surface roughness treatments: smooth and rough. Three straw mulch treatments were applied: no mulch,
mulch incorporated into the surface soil, and mulch tackiﬁed onto the surface. Plots were planted with a 10-
species native mix dominated by perennial grasses. After two growing seasons, the incorporated mulch treat-
ment resulted in signiﬁcantly more seeded grass aboveground biomass than the no mulch treatment while the
no mulch treatment had more forb and volunteer biomass than the surface mulch treatment. There was signiﬁ-
cantly higher erosion on the rough surface treatment compared to the smooth surface. Increasing perennial grass
biomasswas correlatedwith reduced erosionwhile forb and volunteer biomass showedno relationshipwith ero-
sion. The smooth surface with surface mulch best established perennial grasses, minimized weeds, and reduced
erosion. This combination of practices both minimized erosion as well as maximized vegetation establishment.







Long term success in sloped-site management generally includes lim-
iting erosion as well as establishing andmaintaining themaximum vege-
tation that the conditions permit. Once established, vegetation has been
shown to prevent erosion, catch sediments (Burylo et al., 2014; Zhang
et al., 2015) and improve site aesthetics. For disturbed sites, the moisture
required to establish vegetation come as rain events which occur at the
timewhen there is most risk for erosion due to lack of vegetation. A com-
mon erosion control practice is to add mulches to the soil surface but the
mulch amounts can be high enough to completely suppress vegetation
(e.g. Bakr et al., 2012). In general, a practice that controls erosion cannot
greatly reduce later plant establishment (Bhattarai et al., 2011) and simi-
larly a practice to improve plant establishment generally cannot cause
greatly increased erosion.While practices vary by climatic zone, fortifying
sloped sites with straw mulch and creating microtopographical surface
roughness (seedbed preparation) ahead of vegetation establishment are
common worldwide (e.g. Hardegree et al., 2012; Gholami et al., 2013).
Adding surface straw impacts plant establishment and changes
growth after establishment. A meta-analysis of the effects of plant litter
concluded that litter suppressed biomass in the ﬁrst three years butiversity of Arizona, Tucson, AZ
.
. This is an open access article underenhanced biomass subsequently and that litter structures plant com-
munities by suppressing some species (Xiong and Nilsson, 1999).
However, the authors note that this did not necessarily hold for deserts
and grasslands. A more recent meta-analysis by Loydi et al. (2013)
found that, under water limited conditions, litter amounts below
5000 kg ha−1 increased seedling recruitment. Amounts above
5000 kg ha−1 inhibited recruitment. A study in the California Mojave
(Anderson and Ostler, 2002) found that 4500 to 5500 kg ha−1 of
mulch generally improved establishment of planted species. A green-
house study simulating southern Arizona conditions (Fehmi and Kong,
2012) found that 4500 kg ha−1 surface straw increased seeded biomass
production without signiﬁcantly changing plant establishment. Mulch
has been generally recommended for increasing plant establishment.
Site speciﬁc factors determine if the cost of mulch will be worth
small increases in plant establishment but mulch also reduces erosion
through reduced raindrop impact on the soil surface (e.g. Pinchak
et al., 1985; Gholami et al., 2013). A laboratory study of a wide range
of surface-applied mulches found that mulch reduces erosion
(Lakhdar et al., 1993). A review of mulch application after ﬁres
(Robichaud, 2005), found numerous examples of reduced erosion asso-
ciated with mulch application. Erosion studies often use similar
amounts of mulch to vegetation studies (e.g. Gholami et al., 2013), but
from the purely erosion perspective, erosion decreases as the amount
of surface mulch increases (Bakr et al., 2012; Shi et al., 2013). While
mulch application appears straightforward, keeping it in place onthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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straw mulch into the surface soil has been one method to keep it in
place and increase inﬁltration but this can increase erosion in some sit-
uations (Sidle et al., 1993).
Surface microtopography can have a variable effect on erosion but
does not necessarily result in increased erosion in laboratory experi-
ments (Gomez and Nearing, 2005; Darboux and Huang, 2005) although
other laboratory studies have found greatly increased erosion on sur-
faces with more roughness (Helming et al., 1998). There are theoretical
rationales for both decreased erosion with increased roughness due to
decreased ﬂow velocity, increased ﬂowmeandering, and increased sed-
iment capture as well as increased erosion with increased roughness
due to concentration of the ﬂow (Darboux and Huang, 2005).
There are various practices for introducing surfacemicrotopography
to include contour furrowing, pitting, imprinting, and soil ripping. Sur-
face microtopography enhances plant growth, creates additional eco-
logical niches, creates depressions which allow water accumulation,
and creates ideal conditions for establishment of more species of plants
(e.g. Hardegree et al., 2012). In a ﬁeld research study in South Africa,
small depressions in loosened soil resulted in better germination and
higher adult plant density compared to soil without depressions
(Snyman, 2003). Chambers (2000) found that both surface mulch and
soil depressions trapped and retained seeds, which prevented them
from blowing off site. Seed burial typically increases plant germination
and establishment as well as reducing seed predation (Winkel et al.,
1991). Broadcast seeding onto a ripped surface helps to bury seeds at
a variety of depths (Winkel et al., 1991), which can beneﬁt a diverse
seedmix. Montalvo et al. (2002) found that broadcasting seeds and im-
printing the soil surface created favorable conditions for the widest
range of species compared to hydroseeding and drill seeding.
The authors hypothesized that surface mulch would decrease ero-
sion and the application of surface mulch would improve overall bio-
mass response when compared to plots without mulch. It was
hypothesized that incorporated mulch (lightly tilled into the surface)
would increase overall biomass and have an intermediate effect on ero-
sion. Finally, it was hypothesized that a roughened soil surface would
have higher plant species richness than smooth sites and that the differ-
ences in surface roughness would not result in differences in erosion.
2. Materials and methods
2.1. Experimental design
Two 1.6 ha sites were selected 45 km south of Tucson AZ USA: at
1646 m asl (here after the upper site) and 1403 m asl (hereafter the
lower site). The naturally sloped sites had an eastern aspect and were
re-graded to a 3:1 (18-degree) slope and half of each site was capped
to 30.5 cmwith one of two borrow pit soils representing different, com-
mon surface soils (Tables 1 and 2). One soil was derived from a sedi-
mentary rock mix of siltstone, sandstone and conglomerate from the
Willow Canyon Formation (hereafter Chiricahua soil). The second soil
was derived from a conglomerate from a late Tertiary alluvium (hereaf-
ter Hathaway soil).
Surface roughness treatments consisted of either leaving the surface
rough after the sites were ripped to 20 cm or by smoothing the surfaceTable 1












Lower Chiricahua 8.0 0.45 2900 730 63
Lower Hathaway 8.6 0.26 3900 110 70
Upper Chiricahua 7.4 0.20 1300 340 92
Upper Hathaway 8.3 0.32 4100 110 32by dragging a metal screen behind the ripping implement. The smooth
surface treatment was applied to randomly selected rows of plots
(Fig. 1). The assignment by rowwas required because therewas no effec-
tive way to turn the equipment around or relocate it to interior
standalone smooth plotswithout impacting adjacent plots. Amulch treat-
ment was applied in a random, factorial design to 6 plots within each
roughness treatment in each soil type at each elevation. The mulch treat-
ment levels included 4.5 Mg ha−1 of wheat straw incorporated into the
soil before the ripping, 4.5 Mg ha−1 of straw applied to the soil surface
after seeding and tackiﬁedwith a polyacrylamide spray (EnviroTac II, En-
vironmental Products & Applications, Inc., La Quinta, California, USA), or
no mulch. Wheat germinated in the mulch plots forming a cool-season
cover crop but the wheat did not persist on the site.
The sites were broadcast seeded with a 10-species mix of native
plants at a rate of 523 seeds m−2. The species were: Digitaria californica
(Arizona cottontop, 14%), Bouteloua gracilis (Blue grama, 14%), Hilaria
belangeri (Curly mesquite, 14%), Leptochloa dubia (Green sprangletop,
14%), Eragrostis intermedia (Plains lovegrass, 14%), Bouteloua
curtipendula (Sideoats grama, 14%), Elymus elymoides (Bottlebrush
squirreltail, 3%), Eschscholzia californica ssp. Mexicana (Mexican gold
poppy, 8%), Baileya multiradiata (Desert marigold, 4%), and Calliandra
eriophylla (Fairy duster, 0.1%). Seeding occurred on 21 and 30December
2009. The untreated seeds were purchased from and mixed by a com-
mercial vendor.
The vegetation data collection occurred between 10 September and
30 October 2011. Aboveground biomass was quantiﬁed by clipping
plants 1 cm (0.4 in.) above the ground surface and separating by species
in nine 40 × 40 cm (1.3 × 1.3 ft) quadrats per plot. Only biomass pro-
duced in 2011 was included which did not include any straw mulch,
volunteer wheat, or plant litter. Harvested material was dried at 70 °C
(158 °F) for at least 96 h. Density of each species was counted before
harvesting. Volunteer species are species that occurred in the samples
but were not in the seed mix. Samples were averaged to a single value
per plot for analysis.
The soil sample collection occurred 13October 2010 to 11November
2010. Three 5.1-cm (2 in.) diameter soil coreswere taken to the depth of
approximately 15 cm (6 in.) per plot. Sampling locations corresponded
to the quadrats used for vegetation data collection. Mulch was not col-
lected in a soil sample; mulch was pushed aside and the soil sample
was taken from the soil surface and below. The samples were composit-
ed in to a single sample per plot and sent to a commercial laboratory.
Nitrate-N, NO3-Nwas measured using Cd reduction and organic matter
using Walkley Black.
The erosion data was estimated using 20 cm (8 in.) nails installed 31
January to 3 March 2010 with the nail head ﬂush with the ground sur-
face (Hudson, 1993). There were 7 randomly located nails per plot. No
nails were located within 1 m (3.3 ft) of the edge of a plot. The distance
between the soil surface and the top of the nails were measured with a
ruler in late October 2011.
Precipitation between the two sites (elevations) varied signiﬁcantly
in 2010 and 2011. During 2010, the upper elevation plots received
49.6 cm of precipitation while the lower elevation plots received
37.6 cm. During 2011, the upper plots received 46.9 cm of precipitation
and the lower plots received 23.4 cm. Naturally occurring precipitation














180 4.2 6.3 1.3 21.3 1.6
130 1.9 2.4 1.4 21.1 3.6
130 2.7 7.8 4.0 10.1 0.55
140 5.0 3.1 0.6 21.9 4.0
Table 2
Physical analysis of composited soil samples from the two source areas (Chiricahua and Hathaway) as placed at the two sites at different elevations.
Elevation Soil Water holding capacity (% by weight) Total nitrogen, N (%) Total carbon, C (%) C:N Sand (%) Silt (%) Clay (%) Classiﬁcation
Lower Chiricahua 30 0.10 0.91 10:1 56 26 18 Sandy loam
Lower Hathaway 24 0.08 2.10 25:1 64 22 14 Sandy loam
Upper Chiricahua 23 0.06 0.32 5:1 68 18 14 Sandy loam
Upper Hathaway 27 0.12 2.30 19:1 59 23 18 Sandy loam
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The elevation and soils were intended as blocking factors to increase
the inferences available from the surface roughness and mulch treat-
ments and assess how the treatments would perform on conditions re-
gionally. The two soils at the two elevationswere treated as four blocks.
The surface roughness treatment was randomly assigned to two of the
four rows at each elevation. The mulch treatment was randomlyFig. 1. Diagram of the site layout. The sites were divided in half and randomly assigned to be co
upper site was separated tomake all plots have similar conditions and to avoid ﬁlling a drainage
rows of plots. Amendment treatments (no amendment, incorporatedmulch, or surface mulch)
randomized complete block design.assigned in each surface treatment within each block. Analyses were
completed as nested linear mixed effects models (e.g. Pinheiro and
Bates, 2000) with the four blocks treated as random effects. For the N
and organic matter analyses, the data contained too little structure to
converge so the analyses were completed with the blocks as ﬁxed ef-
fects. Factors were transformed if needed based on a Shapiro-Wilk test
of normality. The total and seeded grass aboveground biomass esti-
mates were natural log transformed. The pH was exponentiallyvered with surface material from either the Chiricahua or Hathaway source material. The
. Shaded areas represent the surface roughness treatment whichwas randomly applied to
were randomly assigned within the surface treatment, soil source and elevation tomake a
Table 3
Mean (SE) for the soil attributes. The difference between the no amendment and the sur-
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tion for Statistical Computing, Vienna, Austria).face straw treatments for pHwas signiﬁcant (p b 0.05). No other differencewas signiﬁcant.




No amendment 8.28 (0.09) 1.61 (0.29) 0.80 (0.12)
Rough 8.34 (0.18) 1.55 (0.70) 0.68 (0.24)
Smooth 8.23 (0.17) 1.67 (0.50) 0.91 (0.23)
Incorporated straw 8.13 (0.10) 1.36 (0.32) 0.79 (0.12)
Rough 8.14 (0.20) 1.35 (0.76) 0.81 (0.27)
Smooth 8.11 (0.21) 1.38 (0.54) 0.78 (0.20)
Surface straw 8.00 (0.09) 1.50 (0.39) 0.90 (0.14)
Rough 8.05 (0.17) 1.62 (1.03) 0.76 (0.27)
Smooth 7.95 (0.19) 1.39 (0.50) 1.04 (0.29)3. Results
B. curtipendula and L. dubia were the dominant planted perennial
warm-season grasses comprising 81% and 14% of the planted grass bio-
mass while H. belangeri (3%), D. californica (1%), E. intermedia (1%), and
B. gracilis (1%) also occurred in the plots. E. elymoides, a planted cool-
season perennial grass was not found on the plots. Similarly
C. eriophylla, a planted sub-shrub, was also not found on the plots.
E. californica ssp.Mexicana, a planted cool-season annual, did occur on
the plots but was not reﬂected in the primary sampling at the end of
thewarm season. B.multiradiatawas 100% of the biomass of the planted
perennial forbs but it occurred sparsely on the Chiricahua derived soil
and did not occur in all of the Hathaway plots so it was lumped in
with the volunteer species for analysis. There were N75 species of vol-
unteer plants. Annual forbs comprised 50% of volunteer biomass, peren-
nial grasses 18%, annual grasses 16%, woody 11%, and perennial forbs
6%. Salsola tragus, an annual forb, was the most common species at
33% of the total volunteer biomass.
The analysis of the total aboveground biomass showed that the
mulch treatment (F(2,36) = 2.92, p = 0.067), the surface roughness
treatment (F(1,3)=0.49, p=0.839), nor themulchby surface treatment
interaction (F(2,36) = 0.59, p = 0.561) showed a signiﬁcant effect
(Fig. 2). The seeded grasses did show a signiﬁcant response to the
mulch treatment (F(2,36) = 3.33, p = 0.047), while again neither the
surface roughness treatment (F(1,3) = 1.33, p= 0.332), nor the mulch
by surface treatment interaction (F(2,36) = 1.55, p = 0.226) showed a
signiﬁcant effect (Fig. 2). The treatments showed no signiﬁcant effect
on species richness for the mulch treatment (F(2,36) = 0.93, p =
0.403), the surface roughness treatment (F(1,3) = 0.48, p = 0.538), or
the mulch by surface treatment interaction (F(2,36) = 1.67, p= 0.202).
Richness was highest (14.9 species per 1.44 m2) in the no mulch –
smooth treatment combination and lowest (10.8 species per 1.44 m2,
SE = 1.75) in the surface mulch – smooth treatment.
The analysis of the soil pH showed a signiﬁcant effect of the mulch
treatment (F(2,36) = 17.17, p b 0.001) while the surface roughness
(F(1,3) = 3.83, p = 0.145) and interaction (F(2,36) = 0.68, p = 0.512)
showed no signiﬁcant effect (Table 3). The soil N showed no signiﬁcant
effect of mulch (F(2,36) = 0.18, p = 0.834), roughness, (F(1,3) = 0.01,
p= 0.958) or an interaction (F(2,36) = 0.10, p= 0.909) (Table 3). Sim-
ilarly, soil organic matter also showed no signiﬁcant effect of mulch
(F(2,36) = 0.60, p= 0.555), roughness, (F(1,3) = 3.88, p= 0.144) or an
interaction (F(2,36) = 1.19, p= 0.316) (Table 3).Fig. 2. Aboveground biomass of the seeded grasses, and forbs and volunteer species (see
text) at the end of the second growing season after planting. Different letters indicate
signiﬁcant differences (p b 0.05) for the seeded grasses. Error bars are the total
aboveground biomass standard error for the mean. Differences among the treatments
for total biomass were not signiﬁcant (p= 0.067).The erosion analysis indicated no signiﬁcant effect of the mulch
treatment (F(2,36) = 3.08, p= 0.058), the surface roughness treatment
(F(1,3)= 5.60, p=0.099), or themulch by surface treatment interaction
(F(2,36) = 0.20, p= 0.821). The erosion was highest in the rough plots
(14.8 mm average) without mulch and at its lowest in the smooth
plots (8.4 mm) with surface mulch (Fig. 3). A comparison of erosion
with seeded grass biomass showed a week but signiﬁcant linear rela-
tionship (Adjusted R2 = 0.08, p = 0.026) but no relationship was
found between erosion and forb and volunteer biomass (Adjusted
R2 = 0.01, p= 0.434).
4. Discussion
Sites that need revegetation due to mining or construction often
have increased risk of erosion due to the lack of soil structure and typical
large extent. Sloped sites are challenging due to the increased risk of
water erosion along the longer slope length while wind effects can be
intensiﬁed due to the lack of vegetation. Surface amendments can be
blown away prior to serving their purpose of stabilizing the site. Reveg-
etation of these kinds of arid and semi-arid sites has nonetheless com-
monly involved the use of mulch as an amendment to reduce erosion
and ameliorate the limited available rainfall.
Surface application of straw mulch reduced weeds and volunteers
and changed the species composition by favoring grasses. The straw
aided in meeting the reclamation goals by primarily reducing forbs,
which in this context were primarily volunteer weeds. This was a posi-
tive result because grass seems likely to reduce soil movement more
than other functional groups (De Baets et al., 2007; Burylo et al., 2014)
as well as support the most common land re-use of livestock grazing.
The reduction of weedy early successional species with the addition of
mulch has been commonly observed in revegetation (e.g. Duan et al.,
2012; Yu et al., 2014). The change in species compositionwas not unex-
pected due to individual species having different requirements forFig. 3. Soil movement (erosion) based on nails pounded ﬂush with the soil surface at the
experiment onset. Data are means of up to 7 nails per plot measured at the end of the
second growing season. Error bars are standard error of the mean.
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rate out the direct and indirect effects of the straw mulch in this study
(e.g. Rotundo and Aguiar, 2005).
The surfacemulch treatmentwas complicated by two factors. First, a
polyacrylamide tackiﬁer was used to increase the amount of surface
straw that stayed in place until the vegetation established. The effect
of the tackiﬁer cannot be tested because it was not an independent
treatment but in past studies it has been shown have mixed effects
with some studies ﬁnding little effect on erosion (e.g. Hayes et al.,
2005) and others showing adding polyacrylamide to straw reduces ero-
sion (e.g. Babcock andMcLaughlin, 2011) Plant establishment generally
remains unchanged with adding polyacrylamide but, in at least one
study (Rubio et al., 1992), there was a signiﬁcant beneﬁt to
B. curtipendula establishment. B. curtipendula was the most successful
plant in the seeding mix. While the mulch generally stayed in place,
some also was blown off the site and increased the variability of the
treatment. Second, someof thewheat from thewheat strawgerminated
and grew into awinter cover crop. These plants only occurredwhere the
straw was initially placed and did not affect other treatments. The pri-
mary plant community of concern in this study grew in the summer
monsoon season when the annual wheat does not grow. This cover
crop likely increased the erosion-preventing effects of the surface
straw treatment and was the practice recommended by the US Forest
Service for re-vegetation on their lands adjacent to the study site
(Holden and Miller, 1995). Few of the wheat plants were found in the
second year and by the third year none could be found on the site.
Differences among the blocks, especially the soils, were surprising
given that there were only two sources of soil material. While there
was a shared vision of the construction methods at the supervisory
level, it was suspected that this was not sufﬁciently conveyed to the
heavy equipment operators. The upper Chiricahua block had almost
no volunteers so this material appears to have included little surface
soil with its associated seed bank. The upper Chiricahua was also coarse
textured and excessively well drained consistent with the characteris-
tics of a subsoil. The Hathaway source material was also different be-
tween elevations but this can only be explained by heterogeneity
within the borrow pit given that the vegetation composition showed
that the sites at both elevations contained surface soil. These differences
among the soil properties do allow for a compelling statement that veg-
etation can be established across the range of similar conditions in this
area and that the results may have broader applicability. In general,
soil texture dictates vegetation establishment (e.g. Ranđelović et al.,
2014).
Separating the physical from the chemical effects of the mulching
treatments on vegetation was complicated by the ephemeral residence
of the surface mulch. The soil analysis results presented here are from
the end of the ﬁrst growing season due to the assumption that differ-
ences would be the most detectable then. While some of the mulch
was still apparent at the end of the second growing season, much of it
had decayed or blown off the site by then. The results showed a reduc-
tion of pH in the soils (all alkaline) with mulch addition except for the
upper Hathaway block which appeared to have a higher buffering ca-
pacity and did not change. Mulch reducing pH in alkaline soils is not un-
common (e.g. Charnock and Grant, 2005) but the effect of pH seems an
unlikely driver of vegetation since the block with an average pH closest
to neutral (generally thought beneﬁcial to vegetation), upper Chirica-
hua, also had the lowest biomass production likely due to low water
holding capacity.
The surface microtopography treatment was associated with in-
creased soil movement. In these soils without aggregation or structure,
the interpretation of this was that once soil particles beganmoving they
were difﬁcult to stop. Themicro-topography treatmentwas not perfect-
ly parallel to contours despite the best efforts of the equipment opera-
tor. Where the soil depressions canted downhill, it appeared to create
initiation sites for erosion to begin similar to those described by
Darboux and Huang (2005). The most interesting effect that lackedstatistical signiﬁcancewas the reduction in erosion in the surface rough-
ness treatment when combined with the surface application of straw. If
real, this seems to offer the opportunity to use the rough treatment
where it is needed but also to apply surface applied straw to mitigate
the added erosion. The power to detect small magnitude differences,
such as the interaction of straw and roughness, was low because of
the relatively small amount of replication of roughness.
The cost differences between the rough and smooth treatments
were not quantiﬁed but were small because the plots were smoothed
with the use of a dragging implement behind the ripper which did not
require an additional pass nor additional motive power above that
needed for the ripping. While the incorporation of mulch had the ad-
vantage of keeping the mulch on the site, this treatment generally had
an intermediate effect which did not seem to merit the additional cost
of incorporation over surface application.
While context dependency makes writing general rules regarding
the interaction between erosion control practices and plant establish-
ment difﬁcult (e.g. Ruprecht et al., 2010), this study implies that an op-
timal combination of practices can both minimize erosion as well as
maximize vegetation establishment. Future research should better
quantify the amount of mulch that transitions from aiding revegetation
to deterring it. Further, future research also needs to incorporate both
soil texture and an arid-to-mesic gradient.
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